During the conduction phase of the plasma erosion opening switch (PEOS), current channels in the main * body of the plasma have been observed experimentally to be much wider than the collisionless skin depth. In addition, the maximum current carried by the switch before opening (the conduction current) seems to scale roughly linearly with plasma density, n, and switch length, 1. Collisionless PIC code simulations of the plasma switch show current conducted in skin-depth like channels, with the conduction current scaling close to 12i andn . Here the effect of collisions on the behavior of the PEOS is investigated and shown to bring the PlC simulations and experimental results in closer agreement. In the collisional simulations, wider current channels are observed and the conduction current scales linearly with I and as n 1/ 2 with density in anode dominated simulations. Linear scaling with length and density in the cathode dominated case can be inferred.
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INVESTIGATION OF COLLISIONAL EFFECTS IN THE PLASMA EROSION OPENING SWITCH

I. Introduction
Inductive storage devices store energy in the form of magnetic fields rather than electric fields and can, in ptinciple, be made considerably smaller and cheaper than their capacitive counterparts. The plasma erosion opening switch (PEOS) is used in inductive storage applications as a means of pulse compression and voltage multiplication' -". ine switch consists of a low density plasma (n. -1012 -l0l
cm- 3 ) injected with flow velocity, V., between a transparent outer anode of radius r., and a solid inner cathode of radius r K . In experiments on the Gamble I and II generators, the ion species is composed mostly of doubly ionized carbon ions, C+ .11
The switch plasma conducts the generator current for some period of time while the energy of the generator is stored inductively in the vacuum transmission line between the generator and the plasma.
The conduction phase ends when the current in the switch reaches a level determined by plasma conditions and the geometry of the switch region. 1 
2
At this predetermined current, the plasma ceases to act as a low impedance short to ground and current is rapidly diverted to the load (opening phase). This opening is accomplished by magnetic insulation of electron flow in a gap formed at the cathode,1 3 presumably by erosion.
It has been observed experimentally that during its ccnduction phase, the PEOS allows magnetic field to penetrate deeply into the main body of the plasma- 
I
Earlier analytic work and simulations of the PEOS using both particle and fluid approaches' 7 -1 2 have shown that, in the absence of anomalous collisions, current and magnetic field penetrate the plasma during the conduction phase, but not in the manner expected from experimental observations. Experimental data'" suggest that: a) current (and ma.gnetic field) penetrates axially in broad channels; b) the penetration of the field at the anode and cathode occurs at almost the same, nearly constant, rate (the current flow is predominantly radial); c) the maximum switch current before opening (the "conduction current") scales almost linearly both with the plasma density, n, and with the switch length, 1;23 and d) switch opening occurs at the cathode.
*
The above scaling agrees with that derived from a model of the switch behavior based on a bipolar emission description of cathode physics which predicts that the conduction current scales * linearly both with the plasma flux, nv,, and the switch area, 2nrK JxB forces and form a space charge density clump moving through the plasma and toward the load (the "piston" effect). 1 9 This clump of ions serves to concentrate the electrons emitted f,'om a broad area of the cathode into one narrow (on the order of a few skin depths) current channel. The magnetic field near the cathode penetrates more and more deeply into the plasma as the ion clump is accelerated toward the load.
Near the conducting anode, on the other hand, the current channel migrates toward the load by two mechanisms, depending on proximity to the anode. In the body of the plasma, electrons forming the current channel drift radially by the ExBe drift and toward the load by the ErxBq drift. Directly at the anode, where the axial electric field vanishes, electrons can no longer drift radially, but must move axially toward the load until their gyroradii become large enough to allow them to cross to the anode.
In this manner, magnetic field near the anode penetrates into the plasma by the axial drift of the electron current channel.19
When the current channel reaches the load end of the plasma, it disconnects from the plasma and the switch opens. At that point, electrons become magnetically insulated and flow toward the load rather than between the electrodes. In the regimes considered q -in this paper, the penetration of the magnetic field is faster at the anode than at the cathode, so the conduction time is determined by the mechanism(s) controlling the anode penetration.
Two considerations alter the anode dominated picture: a) in a switch which is longer in axial extent and which conducts for a longer time, it is possible that the JxB acceleration of the piston at the cathode could control the opening process, and b) the anode may not be a perfect conductor. In experiments, a wire mesh or a set of widely spaced conducting rods define the anode plane in the PEOS, and the E 2 field does not vanish at all points of the anode plane.
Besides the different penetration Lates at the electrodes, other disparities with experimental results also exist. As mentioned above, collisionless simulations (both PIC and fluid)
show consistently narrow current channels (-a few skin depths).
Analysis of this phenomenon and discussion of some effects near the cathode which may widen the channels are given in Refs.
[19],
[20], and (22] . in this paper it will be shown that conduction currents scale roughly like 1/s and n' Although not treating the instability described above, the usual streaming, ion acoustic, and lower hybrid instabilities have been modeled in detail by including the appropriate transport coefficients. 2 s, 2 9 Compared to collisionless results, these simulations have shown imoroved agreement with experiment concerning channel widths and penetration velocity. In this paper, a more general study of anomalous collision effects is made, with the focus on scaling of PEOS operation with length, density, and plasma injection velocity for a fixed collision rate. Scaling studies are also performed for collisionless simulations and compared with the collisional results.
II. Description of Simulations
The work presented in this paper treats the conduction of current through a low density (n, -0.25-4x10' 2 cm-3 ) plasma injected between two coaxial conducting cylinders as shown in 
Ii
III. Results
This section begins with an examination of length and density scaling for the series of simulations described in Table   I . The discussion is broken into two sections, one devoted to collisionless, the other to collisional results. These two The anode and cathode curve fits, DA(t) and DK(t), are tabulated in Table I, In Fig. 3 , the current front position is shown for the case of a higher density plasma, n -4x10 1 2 cm -3 , 1 = 10 cm, and v.
1.8xl0 8 cm/s. The initial penetration is reduced to 6 = 1.1 cm, and the anode penetration curve scales as t 2 -3 with time, as seen in Table I, As shown in Table I , Several other regimes of density and length have been examined and results are shown in Table I , together with estimates of the scaling of conduction current with density. All cases in Table I In the present paper, the axial penetration distance is measured at r -4.5 cm. In the previous work it was taken at r -5.0 cm where the axial ExB drift dominates because E. and the radial ExB drift vanish at the conducting anode.
These differences again give an indication of how important the anode boundary conditions are.
B. Collisional Simulations
Current penetration distances from three collisional simulations are shown in Fig. 4 . The parameters used are outlined in Table I 1010 s'-used in the higher density cases is not sufficient to prevent the JxB piston effect described in the introduction.
When a higher collision frequency, v. The first observation from Fig. 4 is that the penetration is linear in time rather than a power of time. The conduction current therefore scales linearly with switch length. Figure 4 also shows that the rate of penetration is more strongly dependent on the density than in the collisionless simulations.
As detailed in Table I , the slope of the anode curve is 2.9 cm/ns at n, -1012 cm -3 , while it is 1.34 cm/ns at n, -4x10 I ' cm -3 and 2.2 cm/ns at n. If the conduction process were cathode dominated (because the anode is not a perfect conductor, for example), then even stronger scalings would apply. According to the DK(t) curves in the dollisional case, conduction current scaling is linear in both density and length. In contrast to the collisionless case, these scalings are independent of density regime. The mechanism behind cathode penetration in the collisional simulations is no longer axial JxB acceleration as in the collisionless cases. The scaling of cathode penetration with density and length suggests that the mechanism is related to bipolar space charge limited emission as described in.' 2 An additional important observation concerning the collisional results is that, as found in previous work, the current channels are wider than in the collisionless regime. It is found that for a 10 cm plasma, channel widths of 7-9 cm are typical. The current is spread fairly uniformly early in a simulation, but becomes somewhat more concentrated near the generator side of the plasma late in time after plasma density accumulates in a weak ion piston which forms near the cathode.
In Figs Table II . From left to right in the table are the collision frequency, injection velocity, cathode gap potential, the factor m from Eq. (2), and the predicted conduction current, I P. The current IP is found by using Eqs.
(U)- (4) and then adding the ion current at the cathode in order to obtain the full conduction current, IP = 1 , + I, Because :
-rA/ 2 and because the initial plasma density is uniform in r, the cathode ion current is one half the ion current injected at the anode, iT, shown in the next column in Table 1 Future work in this area should confirm the cathode dominated scalings using non-conducting anode boundary conditions. More work is also needed to examine the effects of improved modeling of instabilities, and to understand the weak conduction current scaling with injection velocity. 
